Abstract-The quality of a CdZnTe-based X-ray detector is highly related to the interface between semiconductor and metal contact. One of the factors that increase leakage currents in CdZnTe based X-Ray detectors is the presence of a conductive surface layer. In this paper the result of the passivation of the CdZnTe surface by means of an aqueous solution of NH 4 F H 2 O 2 is studied by optical ellipsometry and by the current-voltage characteristics of gold contacts deposited on the oxidized surface. Collected data show that leakage currents can be reduced and contact stability improved by the combined use of the passivation layer and a guard ring.
I. INTRODUCTION
I N THE LAST years CdZnTe has emerged as a very promising material for the fabrication of X-and gammarays detectors in the range of energy larger than 1 keV [1] , [2] . CdZnTe presents some advantages compared to widely used detector materials such as silicon or germanium: for instance CdZnTe has a higher atomic number in comparison with silicon and germanium . Moreover the energy gap of with , that is known as the optimum zinc concentration for detector applications [3] , is 1.6 eV. This value is small enough to guarantee limited ionization energy ( 5 eV), but, at the same time, it provides high resistivity in order to have low leakage currents. Typical values of resistivity in CdZnTe are larger than . High resistivity is particularly important for the development of CdZnTe based detectors, because makes possible the use of these detectors at room temperature without the need of a cryogenic cooling. Indeed, this is impossible for other materials with smaller energy gaps like silicon and germanium , because of the amount of dark current at room temperature.
Besides these properties, CdZnTe exploitation as detector material is still limited by some important problems. For instance, the low mobility-lifetime product of carriers (especially holes) hinders the use of thick detectors [3] . Another main issue to be solved, concerning detector preparation, is the realization of durable contacts, with good adhesion, and reproducibility. The study of the contact quality is focused in two main directions: one is aimed to improve the interface between metal and CdZnTe, introducing etching solutions and passivation processes [4] - [6] . The other one is to study device biasing configurations and particular geometries that can bring fundamental improvements in the device operation. For instance, the coplanar-grid and the Frisch-grid detector geometries are used to overcome the problem of the low mobility-lifetime product of holes [7] - [9] . Moreover, the guard ring has proven to be a useful tool for separating the surface leakage current from the bulk current [8] , [10] , [11] . The guard ring is basically a metal contact fully surrounding the cathode. Both the guard ring and the cathode are biased at the same voltage, so that no current flow is present between the two electrodes, while the guard ring is expected to collect the surface current. The passivation process that has been analyzed in this work consists in an aqueous solution of hydrogen peroxide and ammonium fluoride. This treatment reduces leakage currents and improves surface stability. As regards the geometry of the contacts, the introduction of a guard ring has been studied to achieve a further surface current reduction. Finally, the combination of surface passivation and guard ring has been tested.
II. EXPERIMENT
CdZnTe crystals were grown by the boron oxide vertical Bridgman technique [12] - [14] . The wafers were cut using a wire saw and polished using diamond paste down to 0.1 mesh. The sample final dimensions are about . Before contact deposition, all the samples were etched by Br-methanol solution (2%) for 2 min and by a solution of bromine (2%), lactic acid (20%) and ethylene glycol for 3 min, following the procedure suggested in [4] - [6] .
A subsequent surface treatment was performed, aimed at removing the conductive layer that many authors report to be present on the CdZnTe surface after Br-based etching [8] , [11] , [15] , [16] . The surface was treated with a solution of 10% weight , 10% weight and de-ionized water. The treatment time was 6 min. Only in the case of a few samples for ellipsometric characterization the process duration was 15 min. However, in order to study the actual effect of the process, only half of the sample was treated [see Fig. 1 (a) and (b)]. The crystal surface after the treatment appears darker than a freshly polished CdZnTe surface.
The front and back side contacts were prepared using the same procedures. The gold contact deposition, was performed by thermal evaporation, using a mechanical mask in order to avoid the interference of other chemicals. The thickness of the gold layer was 80 nm. It is known that the CdZnTe surface is not stable to high temperature treatments. Due to this reason, after gold deposition, we performed a thermal treatment at low temperature (80 ) for a relatively long time (80 h) in inert gas atmosphere. The main effect of this treatment is the improvement of the mechanical adhesion of the contacts.
With the aim to study both the effect of oxide layers on the CdZnTe surface and the effect of the guard ring, the contacts were prepared according to the scheme shown in Fig. 1 . On one side of the sample [see Fig. 1(a) ], two square contacts were prepared, surrounded by a guard ring, being one of them evaporated on the passivated surface and the second on the as-polished one. On the other side of the samples [ Fig. 1(b) ] two square contacts were deposited without guard ring, in such a way that these contacts were aligned to the square contact on the other side. Wire bonding to the contacts was achieved by silver paste.
Current voltage measurements were performed using two bias configurations, namely the guard ring was either biased or not biased at the same potential of the inner square contact. In the first case, the back contact is connected to ground, while the guard ring and the inner contact are biased at the same potential but by a different circuit in order to separate the effects of surface leakage current [ Fig. 1(c) ]. In the second case, only the inner square contact is biased (the guard ring potential is floating) and thus collects both the bulk and surface leakage current [ Fig. 1(d) ]. In the following these configurations will be referred to as guarded and unguarded, respectively. Current versus voltage (I-V) characteristics were measured by a Keithley 236 source measure unit. Fig. 2 shows the current-voltage characteristics of contacts prepared on the oxidized and not-oxidized part of the sample as measured in the unguarded configuration. It is evident that the detectors prepared on the oxidized surface show i) a reduction of the dark current by a factor of two, more evident at forward bias, and ii) a better symmetry of the I-V curves with respect to those prepared on the non-oxidized surface. The reduction of dark current can be ascribed to the increase of the surface resistance as a consequence of the oxide formation. The improved symmetry is a consequence of the increase of the surface stability. In fact, the contact evaporation is carried out at different times on the two side of the sample, so that the two surfaces suffer a different level of aging. On the contrary, the formation of the oxide seems to confer a better stability to the sample surface, so that the contacts deposited at different times show similar characteristics. Fig. 3 shows the I-V characteristics of the contact realized on the oxide as measured in the guarded (plain line) or unguarded (dashed line) configuration. It is evident that a further improvement of the contact characteristics is obtained by the use of the guard ring. Fig. 3 also reports the I-V curve of the sample without oxide when the guarded bias configuration is used (dotted line). At first, it should be underlined that the I-V curves, when both the passivation procedure and the guard ring are used, are symmetric and show the typical behavior of two back to back diodes, with a large series resistance given by the high material resistivity. The current can be described by the equation (1) where is the reverse bias saturation current, is the series resistance of the semiconductor, and is the bias voltage. By using both the passivation layer and the guard ring, it is possible to strongly reduce the saturation current. Actually, the current never exactly reaches a fixed saturation value, but continuously increases with bias. This behavior was ascribed to the presence of surface states between the metal and the semiconductor [17] . Similar I-V characteristics were reported in the past by different authors [8] , [11] , [18] . In the case of X-ray detectors, while injecting contacts should be avoided, it is still controversial if ohmic or blocking contacts should be preferred. However, different authors report that blocking contacts as shown by Fig. 3 , plain line, are optimal for obtaining good quality X-ray detectors [11] , [18] - [20] .
III. RESULTS AND DISCUSSION
The results reported in Fig. 3 show that also in the case of the guarded configuration the oxide layer contributes to reduce the dark current (see the comparison between plain and dotted line). In the case of the guard configuration, the leakage current is removed by the guard ring, so that this further reduction should be attributed to an increase of the barrier height of the contact generated by the oxide layer.
However, from the measurements shown in Figs. 2 and 3 , it is not clear if the reduced dark current detected in the sample after passivation is given simply by the increase of contact series resistance.
In order to clarify this point, the same characterization was carried out in a low resistivity (about ) sample. In this case, the oxide that eventually could be responsible for an increase of the series resistance in the case of the high resistivity sample would produce a dramatic effect in the I-V characteristic of the low resistivity one. Actually, as shown by Fig. 4 , an increase of the contact resistance is observed in the oxidized sample (about 0.2 mA at 50 V); however, this increase in the series resistance (corresponding to about ) can be neglected in the case of the high resistivity sample. So, we can conclude that the oxide layer created by the etching has the main effect of reducing the surface current and increasing the surface barrier.
Finally, the oxide layer formed by -based etching was studied by optical ellipsometry by using a variable angle spectroscopic ellipsometer working in the range 200-1700 nm. Four CdZnTe samples were studied (see Table I ). Two of them were just polished the others were also etched by the -based solution for 6 and 15 minutes respectively. The analysis on as polished samples (A and B) show the presence of a thin surface layer (about 2 nm) that can also be interpreted as the surface damage layer created by polishing procedure. Both samples C and D show the presence of a surface layer whose thickness increases with the passivation time, with a formation rate of approximately 10 nm/min. Fig. 5 shows the dispersion index of the oxide layer in the near infrared. In the transparency region (at 1500 nm) the refractive index of the layer is much lower than the refractive index of CdZnTe ( [21] ). The measured refractive index for the layer is compatible with that of an oxide resulting as a mixture of ZnO, and CdO ( , 2.2 and 2.5 at 1500 nm, respectively).
IV. CONCLUSION
The effect of the passivation of CdZnTe surface by -based solution has been studied. Optical ellipsometer analysis shows that the treatment produces an oxidation layer on the surface. The formation rate of the oxide has been determined.
Gold contacts have been deposited on the oxidized surface of both high resistivity and low resistivity samples and the I-V characteristics of the contacts have been compared with the ones of contacts deposited on as-polished surfaces. The characterization shows that the presence of the oxide i) reduces the surface leakage current, ii) stabilizes the CdZnTe surface preventing the uncontrolled formation of native oxides, and iii) creates a surface barrier that strongly limits the dark current of the device. The surface passivation together with the use of a guard ring produce stable contacts with low leakage currents. The obtained I-V curves, that can be interpreted as the result of the formation of two diodes in back to back configuration, are considered suitable for the preparation of X-ray detectors.
